Capsicum frutescens is known as a highly pungent chili pepper species, but an accession of C. frutescens showed very low capsaicinoid content. This few-pungent trait is novel and unique to 'S3212' in C. frutescens. To investigate the inheritance of the few-pungent trait, segregation of capsaicinoid content in F 2 and backcross populations (BC 1 ) crossed with high pungent C. chinense 'S3010' were observed. The segregation ratio indicated that fewpungency was controlled by a single recessive gene designated as the cf gene. Isolocus test between cf locus and C locus controlling capsaicinoid production was carried out using cleaved amplified polymorphic sequence (CAPS) marker SCY-800 linked to the C locus. CAPS pattern and few-pungency were not related, so the cf locus is different from the C locus. The single cf gene controlling few-pungency found in this study is expected to be used to develop new cultivars stable in few-pungency.
Introduction
Capsaicinoids are strongly pungent alkaloids that accumulate in the placenta of chili pepper (Capsicum spp.) fruits (Fujiwake et al., 1982; Suzuki et al., 1980) . There are two types of chili peppers for pungency. One is pungent chili pepper that can produce capsaicinoids and the other is non-pungent chili pepper with a complete lack of pungency (Minamiyama et al., 2005) .
Some studies on non-pungent chili peppers have been carried out and revealed that capsaicinoid production is controlled by a single gene at the C locus. The dominant allele C at the C locus is essential for capsaicinoid production. The homozygous recessive condition, cc, results in a complete lack of ability to synthesize capsaicinoids (Blum et al., 2002; Daskalov and Poulos, 1994) and this recessive c gene is found only in C. annuum. To date, the C locus has been mapped on chromosome 2 (Ben-Chaim et al., 2001; Blum et al., 2002) .
In pungent chili peppers with the C gene, considerable variation of pungency exists due to their capsaicinoid contents. Since some chili pepper cultivars such as 'Manganji' or 'Shishitou' with the C gene show very low capsaicinoid contents, they are treated as vegetables, while high pungent cultivars such as 'Takanotsume' are used as spices.
As described above, capsaicinoid production is controlled by a single dominant C gene, but capsaicinoid content is a quantitatively inherited trait Bosland, 2000a, 2000b) controlled by polygene in quantitative trait locus (QTL). Blum et al. (2003) found a major QTL for capsaicinoid content, termed cap, on chromosome 7. Ben-Chaim et al. (2006) also reported that six QTLs on three chromosomes controlled capsaicinoid content in Capsicum.
Chili peppers with low or no capsaicinoid content have been observed only in C. annuum, while in C. frutescens, only highly pungent cultivars are known such as 'Prigkeenu' in Thailand or 'Shima-tougarashi' in Japan. There is no report on non-pungent chili pepper in this species; however, 'S3212', an accession belonging to C. frutescens, showed very low capsaicinoid content, namely few-pungency in the fruits (Matsushima et al., 2004; Konisho et al., 2005) . This few-pungent trait is novel and unique to 'S3212' in C. frutescens.
The objective of this study is to analyze the inheritance of the few-pungent trait in C. frutescens. At first, segregation of capsaicinoid contents was observed in populations derived from an interspecific hybrid between 'S3212' and 'S3010', a pungent accession of C. chinense. Then, an isolocus test between the few-pungent gene locus with the C locus, a single major gene locus controlling capsaicinoid production, was carried out using a cleaved amplified polymorphic sequence (CAPS) marker. In addition, random amplified polymorphic DNA (RAPD) marker linked to the few-pungent trait in these chili peppers was explored by bulked segregant analysis (Michelmore et al., 1991) .
Materials and Methods

Plant materials
The materials used in this study were a very high pungent accession of C. chinense 'S3010' (P 1 ), a fewpungent accession of C. frutescens 'S3212' (P 2 ), F 1 (P 2 × P 1 ), F 2 (P 2 × P 1 ) and BC 1 s (BCP 1 and BCP 2 ) ( Table 1) . Both parents were diploid species. All seeds produced by hand pollination with bagging were sown and seedlings were grown under field conditions in 2005 in an experimental field of the Faculty of Agriculture, Shinshu University (Minamiminowa, Nagano, Japan).
Capsaicinoid content measurement
For quantification of capsaicinoid content, 5 to 22 fruits from each individual plant were harvested when half of each fruit had turned to red from September 19 to October 6, 2005. Capsaicinoid content was measured as the total amount of capsaicin, dihydrocapsaicin, and nordihydrocapsaicin using high performance liquid chromatography (HPLC) according to Minami et al. (1998) .
DNA extraction and CAPS analysis
Total DNA was extracted from young leaves using an Automatic Nucleic Acids Extractor (CompacBio MX-16, COMPACBIO SCIENCES, Japan). CAPS analyses were carried out according to Minamiyama et al. (2005) . Two specific primers, a forward primer of 24 bp SCY-800FW, 5'-CCATGGATTGTTGCTCGGGCCTCC-3', and a reverse primer of 23 bp SCY-800RV, 5'-CCGTACCGCCCCATTGCGATTCC-3', were used in parent lines and F 2 population. The PCR reaction mixture consisted of 12 ng genomic DNA, 0.21 μM of each primer, 1 × PCR buffer (Takara Bio, Japan), 200 μM each of dNTPs and 0.5 units of Ex Taq DNA polymerase (Takara Bio) in a total volume of 12 μL. PCR amplifications were performed using a BIO-RAD i Cycler (BIO-RAD, Japan) with the following conditions: initial 3 min pre-denaturation at 94°C, 30 cycles of 1 min denaturation at 94°C, 2 min annealing at 65°C and 2 min extension at 72°C, and a final extension for 5 min at 72°C. The amplified fragments were digested in a final volume of 14 μL that contained 12 μL of the PCR reaction and 1 unit of restriction endonuclease (MboI). The digests were resolved by electrophoresis in 13.0% acrylamide gel and visualized on a UV transilluminator after staining with ethidium bromide.
RAPD analysis
DNA samples from seven pungent and seven fewpungent F 2 individuals were pooled respectively and used as a template for detecting RAPD in bulked segregant analysis (Michelmore et al., 1991) . PCR was carried out using a 12 μL volume containing 0.5 units of Taq DNA polymerase (Takara Bio), 1 × buffer (Takara Bio), 200 μM each of dNTPs, 0.42 μM arbitrary primer, and 12 ng genomic DNA. Two hundred and eighty-eight 10-mer arbitrary primers (Operon Technologies, USA) were used to screen the amplified products. DNA amplifications were performed using a BIO-RAD i Cycler with the following conditions: one step of 3 min at 94°C, then 40 cycles of 1 min at 94°C, 2 min at 40°C, 2 min at 72°C, and a final step of 5 min at 72°C. The amplification products were resolved by electrophoresis in 1.7% agarose gel and visualized on a UV transilluminator after staining with ethidium bromide.
Results and Discussion
Capsaicinoid contents and segregation of pungency
A high pungent parent, C. chinense 'S3010' (P 1 ) had 44581 μg·g −1 DW of mean capsaicinoid content with a range from 33001 to 52992 μg·g −1 DW, while a fewpungent parent, C. frutescens 'S3212' (P 2 ) showed 5 μg·g −1 DW of mean capsaicinoid content with range from 0 to 14 μg·g −1 DW; however, no plant completely lacked capsaicinoid, except for one individual.
In the F 1 population, mean capsaicinoid content was 4967 μg·g −1 DW with a range from 4220 to 5863 μg·g −1 DW. In the F 2 population, a wide range of capsaicinoid content from 5 to 20547 μg·g −1 DW was observed, distributed closely to few-pungent parent 'S3212' (P 2 ) rather than to pungent parent 'S3010' (P 1 ) (Fig. 1 ). This F 2 population was separated into two groups by the capsaicinoid contents: a few-pungent group (< 100 μg·g −1 DW) and a pungent group (> 100 μg·g −1 DW). The range of the pungent group was 1963 to 20547 μg·g −1 DW, while the few-pungent group was 5 to 77 μg·g −1 DW (Fig. 1) . In backcross populations, all BCP 1 plants were (Fig. 2) . The above results indicate that few-pungency is controlled by a single recessive gene. Deviation from the expected segregation ratio 3 : 1 at P = 0.05 in the F 2 population (Table 1) might be caused by environmental effects (Harvell and Bosland, 1997; Zewdie and Bosland, 2000b) or the effect of minor genes (Ben-Chaim et al., 2006; Blum et al., 2003) ; therefore, we designated this recessive gene controlling few-pungency as the cf gene in this paper.
Isolocus test between cf locus and C locus using CAPS marker
The C locus on chromosome 2 is known as the only locus qualitatively controlling capsaicinoid production and a recessive c gene has been reported only in C. annuum. Therefore, an isolocus test between cf locus and C locus was carried out by using CAPS marker SCY-800 linked to the C locus (Minamiyama et al., 2005) in the F 2 population. Using this CAPS marker, a common single fragment of 800 bp was amplified from genomic DNA of each line and polymorphic restriction sites within the amplified fragment were identified by digestion with MboI. Minamiyama et al. (2005) reported that C. frutescens showed three fragments, 175, 240, and 350 bp, as in CAPS pattern 'E' and C. chinense gave three fragments, 155, 230, and 300 bp, as in CAPS pattern 'D'. To examine the segregation in F 2 population, CAPS patterns have to be different between P 1 (C. chinense 'S3030') and P 2 (C. frutescens 'S3212). The parental lines in this study, S3212 (C. frutescens) and S3010 (C. chinense) showed different CAPS pattern 'E' and 'D', respectively. So, this SCY-800 CAPS marker was available to investigate segregation of the CAPS pattern linked to the C gene in F 2 population (Fig. 3) .
In the F 2 population, CAPS pattern type D ('S3010'), E ('S3212'), and D + E (heterozygous) were observed (Fig. 4) . Segregation of the CAPS pattern fitted well to the expected D: D + E: E = 1 : 2 : 1 ratio (35 : 67 : 32, χ 2 = 0.13, P = 0.94). If cf locus and C locus are isolocus, F 2 individuals with CAPS pattern 'E' are few-pungent and individuals with pattern 'D' or 'D + E' are pungent, but there was no relationship between few-pungency and CAPS pattern in the F 2 population (Fig. 4) . This result illustrates that cf locus is different from C locus. population of C. frutescens 'S3212' (P 2 ) × C. chinense 'S3010' (P 1 ).
Fig. 2. Frequency distribution of capsaicinoid contents in BCP
3. RAPD bands linked to cf locus in an interspecific hybrid (C. frutescens × C. chinense) To find RAPD markers linked to cf locus, bulked segregant analysis was conducted in the F 2 population using 288 RAPD primers. Although there was no specific band in few-pungent parent 'S3212' and few-pungent bulk, three bands were specifically amplified in pungent parent 'S3010' and the pungent bulk. The first band was a 1100 bp fragment amplified by the OPQ09 (5'-GGCTAACCGA-3') primer. The second band was a 350 bp fragment amplified by the OPD03 (5'-GTCGCCGTCA-3') primer. The third band was a 400 bp fragment amplified by the OPD11 (5'-AGCGCCATTG-3') primer. These three bands were designated OPQ09-1100, OPD03-350, and OPD11-400, respectively. In 134 individuals of the F 2 population, the segregation of pungency and three RAPD markers did not deviate from the expected 3 : 1 ratio, but co-segregation of pungency and RAPD markers differed significantly from the expected 9 : 3 : 3 : 1 ratio of independent inheritance (Table 2 ). This indicates that these three RAPD markers link to cf locus and may be available as DNA markers for screening for few-pungency in these chili peppers. However, they showed recombination frequency of 19.8%, 11.6%, and 22.6% in OPQ09-1100, OPD11-400, and OPD03-350 with few-pungency, respectively, indicating that these three RAPD markers had some linkage distance from cf locus in these chili peppers (Table 2) ; therefore, DNA markers more closely linked to cf locus have to be discovered.
Knowledge of the inheritance of the few-pungent trait in few-pungent chili pepper 'S3212' (C. frutescens) in this study will facilitate further genetic analysis of the pungency trait in Capsicum, giving breeders more information about the development of new chili pepper cultivars such as the few-pungent chili peppers C. frutescens or C. chinense. Quantitative characters such as the level of pungency controlled by polygenes are susceptible to the environmental effect. In C. annuum, it has been reported that fruits with strong pungency are sometimes found in few-pungent vegetable-type chili pepper cultivars grown under stressed conditions such as low temperature or water deficiency (Estrada et al., 1999; Harvell and Bosland, 1997) . A single cf gene controlling few-pungency found in this study is expected to be used also in C. annuum to develop new stable few-pungent cultivars. Based on the present study, more detailed mapping around the cf locus is now in progress. Table 2 . Segregation of pungency and RAPD marker, and chi-square tests for fitting to 3 : 1 (χ 2 A; χ 2 B) and to 9 : 3 : 3 : 1 (χ 2 AB) expected in F 2 population of C. frutescens 'S3212' (P 2 ) × C. chinense 'S3010' (P 1 ).
Z A, a: Pungency or few-pungency; B, b: Presence or absence of RAPD marker. ** Significant at P = 0.01 by chi-square test. Fig. 4 . Segregation of CAPS patterns and few-pungency in F 2 population of C. frutescens 'S3212' (P 2 ) × C. chinense 'S3010' (P 1 ). Fig. 3 . Segregation of codominant CAPS markers linked to the C locus. PCR with specific primers was followed by restriction with MboI. M: molecular-weight marker (ØX-174 digested with HaeIII).
